A rising tide of obesity and type 2 diabetes has resulted from the development of technologies that have made inexpensive high calorie foods readily available and exercise unnecessary for many people. Obesity and the metabolic syndrome (insulin resistance, visceral adiposity and dyslipidemia) wreak havoc on cells throughout the body thereby promoting cardiovascular and kidney disease, and degenerative diseases of the brain and body. Obesity and insulin resistance promote disease by increasing oxidative damage to proteins, lipids and DNA as the result of a combination of increased free radical production and an impaired ability of cells to detoxify the radicals and repair damaged molecules. By covalently modifying membrane-associated proteins, the membrane lipid peroxidation product 4-hydroxynonenal (HNE) may play particularly sinister roles in the metabolic syndrome and associated disease processes. HNE can damage pancreatic β cells and can impair the ability of muscle and liver cells to respond to insulin. HNE may promote atherosclerosis by modifying lipoproteins and can cause cardiac cell damage by impairing metabolic enzymes. An adverse role for HNE in the brain in obesity and the metabolic syndrome is suggested by studies showing that HNE levels are increased in brain cells with aging and Alzheimer's disease. HNE can cause the dysfunction and degeneration of neurons by modifying membrane-associated glucose and glutamate transporters, ion-motive ATPases, enzymes involved in amyloid metabolism, and cytoskeletal proteins. Exercise and dietary energy restriction reduce HNE production and may also increase cellular systems for HNE detoxification including glutathione and oxidoreductases. The recent development of low molecular weight molecules that scavenge HNE suggests that HNE can be targeted in the design of drugs for the treatment of obesity, the metabolic syndrome, and associated disorders.
The Metabolic Syndrome
Obese individuals are at increased risk for diabetes, cardiovascular disease and cancers, and usually die prematurely (Barness et al., 2007) . Overweight people often exhibit perturbed energy and lipid metabolism characterized by elevated levels of glucose, triglycerides and low density lipoproteins (LDL) in their blood (Howard et al., 2003) . But individuals who are not considered obese may also exhibit physiological alterations similar to those seen in obesity including insulin resistance (resulting in impaired glucose tolerance), visceral adiposity and dyslipidemia (elevated levels triglycerides and LDL cholesterol, and decreased levels of HDL). The later phenotype, which has been dubbed the "metabolic syndrome" (MS), predisposes to several major age-related diseases including diabetes (Bakris et al., 2008) , cardiovascular disease (Aggoun, 2007) , stroke (Gil-Nunez, 2007 ) and possibly cognitive impairment and Alzheimer's disease (Pasinetti and Eberstein, 2008; Stranahan et al., 2008) . The prevalence of MS and obesity have increased rapidly in the past 30 years, tripling in adolescents between 1970 and 2000 (Harrell et al., 2006) , heightening the importance of understanding the cellular and molecular mechanisms by which these conditions promote disease.
Two systemic alterations involved in obesity and the MS are increased oxidative damage to cellular constituents (proteins, lipids and DNA) and increased inflammation as indicated by elevated levels of tumor necrosis factor (TNF), interleukin-1β and other pro-inflammatory cytokines (Sutherland et al., 2004; Pennathur and Heinecke, 2007; Grattagliano et al., 2008) . Oxidative stress and inflammation go hand-in-hand in the many tissues that are affected because oxidative stress induces the production of inflammatory cytokines, and the cytokines in turn induce free radical production. In this regard, MS and obesity accelerate processes that are generally considered fundamental to the aging process and may in this way hasten the onset of many different age-related disorders (Chung et al., 2009) . One specific facet of oxidative stress and inflammation, membrane lipid peroxidation, is the focus of this review article. Lipid peroxidation (LP) is an autocatalytic process initiated by free radical attack on the unsaturated (double) bonds of membrane fatty acids (Fig. 1) . Five reactive oxygen species (ROS) are most commonly involved in the initiation of LP: superoxide anion radical (O2 -. ), hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH . ), nitric oxide (NO . ) and peroxynitrite (ONOO . ). The major source of superoxide in most cells is that produced in mitochondria as "by-product" of oxidative phosphorylation in the electron transport chain. Much of the superoxide is rapidly converted to hydrogen peroxide by mitochondrial superoxide dismutase (SOD2) and cytoplasmic superoxide dismutase (SOD1). Hydroxyl radical can then be produced by a process called the Fenton reaction in which Fe 2+ or Cu + interact with hydrogen peroxide. Nitric oxide is generated in response to elevations of intracellular Ca 2+ levels; Ca2 + binds calmodulin, which then activates nitric oxide synthase which catalyzes the conversion of arginine to citrulline and nitric oxide. Nitric oxide may then interact with superoxide to generate peroxynitrite. Among the different ROS, hydroxyl radical and peroxynitrite are particularly aggressive inducers of LP.
The process of lipid peroxidation is initiated by interaction of hydroxyl radical or peroxynitrite with unsaturated lipids which triggers chain peroxidation by abstracting allylic hydrogens (Girotti, 1998) . The resulting lipid radicals rapidly interact with oxygen, thereby propagating the reaction via peroxyl radical intermediates; this process simultaneously generates lipid hydroperoxides and aldehydes of various chain lengths. Lipid peroxidation can be terminated by so-called chain-breaking antioxidants such as vitamin E. One specific aldehydic product of LP called 4-hydroxynonenal (HNE) is increasingly recognized as a particularly important mediator and marker of cellular dysfunction and degeneration in a range of disorders including cardiovascular disease (Leonarduzzi et al., 2005) , stroke ), Alzheimer's disease (Lovell et al., 1997; Bruce-Keller et al., 1998) , arthritis (Morquette et al., 2006) and asthma (Johnson et al., 2007) . In this review article, I describe evidence supporting a contributory role for HNE in the pathogenesis of obesity, the MS and associated diseases based upon the ability of this aldehyde to adversely affect membrane-associated proteins involved in the regulation of cellular ion and energy homeostasis.
The Production, Chemistry and Metabolism of HNE
HNE is a 9-carbon amphiphilic lipid formed when n-6-polyunsaturated fatty acids such as arachidonic acid and linoleic acid are attacked by peroxidative free radicals (Fig. 1) . The specific non-enzymatic pathways by which HNE is formed during the process of LP is not fully understood, but likely involve dimerized and oligomerized fatty acid derivatives as key intermediates (Schneider et al., 2008) . In addition, there is evidence for an enzymatic mechanism for HNE production which may be particularly prominent in microsomes . The lipophilic property of HNE makes it remain associated with the membranes where it is generated, but HNE is also capable of moving within and between cellular compartments.
When HNE encounters proteins, it can interact with thiol (SH) and amino (NH 2 ) groups of cysteine, lysine and histidine residues via a process called Michael addition resulting in a covalent bond between HNE and the amino acid. Numerous proteins have been shown to be modified by HNE (Fig. 1) including: plasma membrane ion and nutrient transporters; receptors for growth factors and neurotransmitters; mitochondrial electron transport chain proteins; protein chaperones; proteasomal proteins; and cytoskeletal proteins (Petersen and Doorn, 2004; Poli et al., 2008) . In many cases the function of the protein to which HNE binds is impaired. Accordingly, if HNE levels are increased excessively, cellular function can be compromised and damage and death of the cell (apoptosis) may occur. For example, studies of experimental models of Alzheimer's disease have shown that modification of ion-motive ATPases (Na + and Ca 2+ pumps), and glucose and glutamate transporters, can disrupt cellular ion and energy homeostasis in brain cells resulting in the dysfunction and death of neurons Mark et al., 1997a Mark et al., ,1997b . However, there are cases in which HNE modification activate signaling cascades (Grimsrud et al., 2008) . For example, HNE can activate the epidermal growth factor receptor tyrosine kinase in the absence of a ligand (Liu et al., 1999) and HNE can increase the activity of ASK1 kinase resulting in activation of jun-Nterminal kinase (Soh et al., 2000) , suggesting specific mechanisms by which HNE might affect cell proliferation and survival.
Cells have several mechanisms to detoxify/remove HNE and thereby prevent its potentially damaging actions. Perhaps the most important defense against HNE is glutathione (GSH), a tripeptide that includes a cysteine residue. Indeed, data suggest that intracellular concentrations of HNE are regulated by glutathione-S-transferases, GSH and a protein called RLIP76 that catalyzes the ATP-dependent transport of HNE out of cells (Singhal et al., 2009 ). In addition to glutathione, the dipeptide carnosine (β-alanyl-L-histidine) can quench HNE via intramolecular Michael addition (Guiotto et al., 2005) . Proteins present in high amounts within or outside of cells may also play important roles in binding and thereby quenching HNE; examples include albumin (Aldini et al., 2008) and apolipoproteins (Hoff et al., 1989; Pedersen et al., 2000) .
Involvement of HNE in Obesity and the Metabolic Syndrome
Accumulating evidence suggests that HNE may play important roles in pathogenic cellular changes that cause insulin resistance and other abnormalities in the MS, and HNE may also mediate disease processes promoted by the MS. Levels of HNE are increased in the blood and muscle tissue of obese subjects compared to normal weight subjects (Vincent et al., 2001; Russell et al., 2003) . Improved insulin sensitivity in muscle cells resulting from exercise or dietary energy restriction is associated with reduced levels of HNE and other LP products (Johnson et al., 2007; Vincent et al., 2007; Morris et al., 2008) . Levels of HNE are also increased in adipocytes in obesity where it may impair the function of proteins that play important roles in lipid anabolism (Grimsrud et al., 2007) and suppression of inflammation (Zarrouki et al., 2007) . Pancreatic beta cells are vulnerable to oxidative stress and LP, and there is evidence that LP (and by inference HNE) contributes to the dysfunction and death of pancreatic beta cells in diabetes (Lenzen, 2008) and alcohol-induced pancreatic damage (Aleynik et al., 1999) . Excessive production of HNE might be sufficient to cause obesity and the MS. When the gene encoding the HNE-conjugating enzyme mGSTA4-4 is disrupted in mice, HNE accumulates in multiple tissues and the mice develop obesity and insulin resistance (Singh et al., 2008) . Additional findings in the latter study suggest that HNE causes fat accumulation by promoting fatty acid synthesis and suppressing fatty acid beta-oxidation.
In a study of human subjects the level of HNE in the plasma increased significantly and rapidly (within minutes to hours) after consumption of an energy-dense high-fat "fast food" diet (Devaraj et al., 2008) . This is the kind of diet that promotes the MS and obesity when consumed regularly, suggesting a role for HNE very early the development of MS and obesity. On the other hand, when moderately obese subjects were maintained on an alternate day calorie restriction diet, their levels of circulating HNE and markers of inflammation decreased, and multiple health indicators improved (Johnson et al., 2007) , demonstrating that membrane LP (and its detrimental effects on health) can be reversed by dietary restriction.
HNE and MS-Related Diseases
During the past several decades the results of epidemiological, clinical and animal studies have provided compelling evidence that the MS adversely affects many different organ systems and is a risk factor for major diseases that cause morbidity and premature deaths. Thus, MS increases the risk of cardiovascular disease (Cersosimo and DeFronzo, 2006) , stroke (Towfighi and Ovbiagele, 2008) , kidney disease (Lastra et al., 2006; Sarafidis and Ruilope, 2006) , and Alzheimer's disease (Pasinetti and Eberstein, 2008) . Increased oxidative stress plays a role in all of these MS-related disorders. The remainder of this article describes some of the evidence for the involvement of HNE in three of the most prominent disorders for which the MS is an important risk factor, namely, cardiovascular disease, stroke and Alzheimer's disease.
Cardiovascular Disease
Levels of HNE are elevated in atherosclerotic lesions of human subjects and in animal models of cardiovascular disease (Ylä-Herttuala et al., 1989) . HNE covalently modifies LDL, and this modification activates macrophages which may contribute to the vascular inflammation that occurs in atherosclerotic lesions (Hoff et al., 1989) . LDL has been shown to bind many molecules of HNE via covalent modification of lysine and histidine residues (Annangudi et al., 2008) . Interestingly, the apolipoprotein E4 isoform binds less HNE than do the E2 and E3 isoforms (Pedersen et al., 2000) which may contribute to the lesser effectiveness of apoE4 in protecting against oxidative vascular damage and atherosclerosis. More recent findings provide evidence that HNE promotes macrophage foam cell formation by increasing the production of class A scavenger receptors at the translational level (Yun et al., 2008) . In addition, HNE may promote the adhesion of pro-inflammatory immune cells (macrophages and lymphocytes) to the vascular endothelium in the early stages of atherosclerosis (Go et al., 2007) . Moreover, HNE can directly impair the barrier function of vascular endothelial cells and may even trigger apoptosis of these cells (Herbst et al., 1999) . Even the hyper-proliferation of vascular smooth muscle cells that occurs in cardiovascular disease may, at least in part, be mediated by HNE. Thus, exposure to HNE resulted in the activation of mitogen-activated protein kinases and increased proliferation in cultured vascular smooth muscle cells (Kakishita and Hattori, 2001) . However, the correlation in humans between high-fat diet, HNE level in blood and obesity/metabolic syndrome is suggestive, but it does not prove causality. Nevertheless, studies of experimental models have shown that exposure to HNE can induce excessive fat accumulation (Wonisch et al., 2001; Singh et al., 2009 ).
Myocardial infarction (MI) is an all too common, and often fatal, result of atherosclerotic lesions in the coronary arteries that supply blood to heart muscle cells. The extent of damage and death of cardiac myocytes is directly related to consequent morbidity and mortality (Abbate et al., 2003) . In addition to its roles in the process of atherosclerosis, HNE may contribute to the damage to cardiac myocytes that occurs in myocardial infarction. HNE accumulates in myocardial cells during reperfusion injury (Blasig et al., 1995) . HNE may cause the dysfunction and death of cardiac myocytes by a mechanism involving disruption of the actin cytoskeleton and dysregulation of cellular calcium homeostasis (VanWinkle et al., 1994) . Arrhythmia is a common occurrence leading to mortality after an MI. HNE may promote cardiac arrhythmia by inhibiting potassium channels resulting in membrane depolarization and action potential prolongation (Bhatnagar et al., 1995) . Survivors of a MI may experience long-term cardiac insufficiency associated with remodeling and hypertrophy of the ventricles. It has been suggested that HNE contributes to cardiac hypertrophy by inhibiting the mitochondrial energyregulating enzyme NADP+-isocitrate dehydrogenase (Benderdour et al., 2003) . Cellular mechanisms that detoxify HNE may play important roles in protecting heart cells against MIinduced damage. For example, glutathione transferase (Ishikawa et al., 1986) and oxidoreductases (Srivastava et al., 1998) can quench HNE in cardiac myocytes. Finally, dietary energy restriction, which reduces levels of LP and HNE, protects the heart against cellular damage and dysfunction in animal models of myocardial infarction (Ahmet et al., 2005; Mattson and Wan, 2005) .
Stroke
Stroke is a major cause of morbidity and mortality, and the MS and obesity greatly increase one's risk for a stroke (Singleton and Smith, 2006) . As described above for coronary artery atherosclerosis, HNE likely plays roles in the atherosclerotic process in the cerebral blood vessels that are occluded by a clot or rupture during a stroke. Studies of postmortem brain tissues from patients and control subjects have documented increased levels of lipid peroxidation/HNE associated with neurons and inflammatory glial cells (Takizawa et al., 1994; McKracken et al., 2001) . But the strongest evidence that HNE actually contributes to the dysfunction and death of neurons in stroke comes from studies of animal models. Levels of HNE are increased in hippocampal neurons prior to their degeneration after transient global forebrain ischemia in a gerbil model of cardiac arrest (Urabe et al., 2000) . Arachidonic acid, a major source of HNE, is generated in response to phospholipase A2 activation after transient cerebral ischemia, and inhibiting phospholipase A2 activation can reduce ischemic brain damage (Adibhatla et al., 2003) . HNE increases the vulnerability of neurons to excitotoxicity and apoptosis by impairing the function of proteins involved in the regulation of cellular ion homeostasis and removal of damaged proteins. Thus, HNE impairs the function of the plasma membrane Na + /K + -and Ca 2+ -ATPases, glucose transporter and glutamate transporter, while enhancing Ca 2+ influx through voltage-dependent Ca 2+ channels (Mark et al., 1997a (Mark et al., , 1997b Keller et al., 1997; Lu et al., 2002) .
Evidence that HNE plays a pivotal role in neuronal degeneration after a stroke is provided by a recent study in which a histidine analog (histidyl hydrazide) that quenches HNE was shown to reduce brain damage and improve functional outcome in a middle cerebral artery occlusion -reperfusion mouse stroke model . Interestingly, intraventricular administration of apoE protected neurons against degeneration after global cerebral ischemia in a mouse model (Horsburgh et al., 2000) , consistent with the possibility of an underlying mechanism involving scavenging of HNE by ApoE (Pedersen et al., 2000) . Another study showed that overexpression of mitochondrial manganese superoxide dismutase suppresses LP and HNE production, and reduces neuronal dysfunction and death in a mouse model of focal ischemia/reperfusion injury . Other agents that reduce HNE production by inhibiting LP, including alpha-Phenyl-n-tert-butyl-nitrone (Lin et al., 2004) , the organotellurium compound AS101 (Okun et al., 2007) and ebselen (Pawlas and Malecki, 2007) have been reported effective in experimental models of stroke.
Neurodegenerative Disorders
As an increasing number of people reach their 7 th , 8 th decades of life, the number of those suffering from neurodegenerative disorders of aging -mainly Alzheimer's and Parkinson's diseases -is rapidly increasing. Because of the long-term (many years) 24/7 care required, these diseases impose costs beyond that of any other major diseases. Approximately 5 million Americans currently suffer from Alzheimer's disease and the cost for their care is approximately 150 billion dollars per year (www.alz.org). In the case of Parkinson's disease more than 1 million Americans have the disease at a total yearly cost of approximately 40 billion dollars (Huse et al., 2005) . Less common neurodegenerative disorders that are, nevertheless, equally devastating to the patient and their family and friends include amyotrophic lateral sclerosis (Sejvar et al., 2005 ) and Huntington's disease (Martin et al., 2008a) . Oxidative stress occurs in the neurons affected in all of these neurodegenerative disorders (Mattson, 2004 (Mattson, , 2006 Boillée et al., 2006; Mattson and Magnus, 2006) and membrane LP and HNE are believed to contribute to the dysfunction and death of the neurons and the patient. However, the evidence that the MS is an important factor in these neurodegenerative disorders is strongest for Alzheimer's disease.
Alzheimer's disease is characterized by the degeneration of neurons in brain regions involved in cognition (hippocampus, entorhinal cortex, frontal cortex and associated structures) and emotional behaviors (amygdala, prefrontal cortex, hypothalamus and others). The abnormal production and aggregation of amyloid β-peptide (Aβ) is believed to be a pivotal event in the disease process (Mattson, 2004 ). An important role for HNE in Alzheimer's disease is suggested by data from human patients, and animal and cell culture models. Biochemical and immunohistochemical analysis of brain tissue samples from Alzheimer's disease patients and age-matched neurologically normal control subjects have documented elevated levels of HNE in association with Aβ plaques and neurofibrillary tangles (degenerating neurons with intracellular aggregates of the microtubule-associated protein tau) (Sayre et al., 1997; Markesbery and Lovell, 1998; Williams et al., 2006) . Moreover, HNE levels are increased in the cerebrospinal fluid in Alzheimer's patients demonstrating a robust ongoing LP process, and also suggesting HNE as a potential biomarker of the disease (Lovell et al., 1997) .
Exposure of cultured neurons to Aβ results in LP and HNE production (Fig. 2) , and HNE impairs the function of membrane ion-motive ATPases and glutamate and glucose transporters which renders neurons vulnerable to excitotoxicity and apoptosis (Mark et al., 1997a (Mark et al., , 1997b Keller et al., 1997; Kruman et al., 1997) . Inflammatory processes involving activation of Toll-like receptors (part of the innate immune system) may mediate the death of neurons downstream of Aβ and HNE . In the early stages of Alzheimer's disease HNE may impair synaptic communication between neurons as suggested by studies showing that Aβ and HNE impair coupling of muscarinic acetylcholine receptors to the GTP-binding protein Gq11 (Kelly et al., 1996; Blanc et al., 1997) . Additional studies have shown that infusion of HNE into the brains of rats can damage cholinergic neurons and impair their learning and memory ability demonstrating that HNE production is indeed sufficient to cause cognitive impairment . Treatments that suppress LP can protect neurons against dysfunction and degeneration in animal and cell culture models of Alzheimer's disease (Butterfield et al., 2004; Goodman and Mattson, 1994; Cutler et al., 2004; Bruce et al., 2006; Nishida et al., 2006) . Moreover, scavenging of HNE with either glutathione or ApoE2/ApoE3 can protect neurons against Aβ toxicity (Mark et al., 1997b; Pedersen et al., 2000; Lauderback et al., 2002) . Emerging findings suggest that, in addition to acting downstream of Aβ production, HNE plays a role in increasing Aβ production by affecting the expression and enzymatic activities of β-and γ-secretases Chen et al., 2008; Tamagno et al., 2008) .
The possibility that dietary and lifestyle factors that promote MS and obesity, particularly excessive energy intake and a sedentary lifestyle, may increase the risk of Alzheimer's disease is suggested by the results of epidemiological studies (Pope et al., 2003; Mattson et al., 2004) . Findings from studies in which the diet or amount of exercise are varied in mouse models of Alzheimer's disease suggest that, indeed, the disease process can be modified by conditions that promote or protect against MS. Transgenic mice that express mutant forms of human amyloid precursor protein (APP), presenilin-1 and/or tau exhibit amyloid/tau pathology, synaptic dysfunction and cognitive impairment (Gotz and Ittner, 2008) . When placed on a high (saturated) fat diet (Refolo et al., 2000) or a refined sugar diet (Cao et al., 2007) , APP mutant mice exhibit accelerated deposition of amyloid and cognitive impairment. Conversely, when placed on a low calorie diet, APP/presenilin-1/tau triple-mutant mice exhibit lower levels of amyloid and tau pathologies and improved cognitive function (Halagappa et al., 2007) . Interestingly, the latter study also showed that an alternate day fasting diet improves cognitive function in the triple-mutant Alzheimer's disease mice, but do not exhibit reduced amyloid or tau pathology, suggesting that this particular (anti-diabetic) diet can protect neurons downstream of Aβ production and tau aggregation. Diabetes has been shown to impair hippocampal plasticity (synaptic potentiation, neurogenesis, and learning and memory) even in the absence of Alzheimer's disease-like pathology (Stranahan et al., 2008) suggesting that obesity and the MS may cause cognitive impairment even prior to the development of Alzheimer's disease. Diabetic animals exhibit increased HNE levels in their brains (Lyn-Cook et al., 2009) , whereas dietary energy restriction results in reduced HNE levels (Zhu et al., 1999; Dasuri et al., 2009) . Exercise, which can prevent and reverse MS and obesity, may also protect the brain against Alzheimer's disease. APP mutant mice that exercise exhibit reduced amyloid pathology and improved cognitive performance compared to their sedentary counterparts (Adlard et al., 2005; Lazarov et al., 2005; Parachikova et al., 2008) . Exercise (and dietary energy restriction) can also counteract the adverse effects of MS/diabetes on synaptic plasticity and cognitive function (Stranahan et al., 2009 ).
Targeting HNE to Prevent and Treat Metabolic Syndrome and Associated Diseases
Because HNE appears to play important roles in the development of obesity and the MS on the one hand, and in the pathogenesis of MS-related diseases, it seems prudent to develop drugs and other treatments that target HNE. Two general strategies to accomplish this goal would be to reduce the production of HNE by suppressing LP or to inhibit/detoxify HNE downstream of LP (Table 1 ). Due to space limitations I will only provide a few selected examples and references. Antioxidants that inhibit membrane LP, and that have been reported effective in attenuating biomarkers and symptoms in MS, obesity and one or more associated disorders include α-lipoic acid (Kocak et al., 2000; Baydas et al., 2004) , α-tocopherol (Sena et al., 2008) , and coenzyme Q10 (Sena et al., 2008) . Molecules that bind and remove/detoxify HNE include glutathione (Kruman et al., 1997; Mark et al., 1997b) , histidine analogs similar to carnosine (Guiotto et al., 2005; Tang et al., 2007) , N-acetylcysteine (Haber et al., 2003; El Midaoui et al., 2008) and taurine (Haber et al., 2003; Xiao et al., 2008) . More recently, carnosine derivatives that are resistant to carnosinase, and that have increased HNE-quenching efficacy, have been developed (Vistoli et al., 2009) . Such agents may eventually be used to treat a range of disorders in which lipid peroxidation and HNE play major roles.
Another approach would be to enhance intrinsic antioxidant and detoxification systems by activating signaling pathways that upregulate the expression of antioxidant and phase-2 detoxifying enzymes. Increasing evidence suggests that some dietary phytochemicals that improve health may act via such a process called hormesis in which adaptive cellular stress responses are activated (Mattson, 2008a (Mattson, , 2008b . One such pathway involves the transcription factor Nrf-2 which binds to the antioxidant response element sequence upstream of genes encoding glutathione-S-transferases and the antioxidant enzymes NQO1 and heme oxygenase (Surh et al., 2008) . Nrf-2 can be activated by sulforaphane and curcumin, which are phytochemicals that have been reported to have beneficial effects in animal models of diabetes, cardiovascular disease and neurodegenerative disorders (Mattson and Cheng, 2006; Siow et al., 2007) . Other adaptive stress response pathways that are amenable to activation by natural products or synthetic drugs include those involving the transcription factor NF-κB (Camandola and Mattson, 2007) , the sirtuin -FOXO pathway (Jiang, 2008) and the calcium/cyclic AMP -CREB pathway (Ichiki, 2006) . While efforts to develop drugs or dietary supplements that reduce HNE production or block its adverse actions should be pursued, it should also be recognized that dietary and lifestyle factors that protect against and reverse obesity and the MS also reduce LP and HNE production. Regular moderate exercise and dietary energy restriction, if practiced consistently, are very effective preventative and therapeutic interventions for MS and many of its associated diseases. Reductions in HNE production and enhanced HNE detoxification may contribute to the health benefits of exercise and dietary moderation. For example, exercise training enhanced SOD2 protein levels in the hearts of both young and old rats (Lawler et al., 2009) . It was reported that alternate day caloric restriction reduces levels of HNE in serum samples from overweight patients with asthma, and this is associated with improved asthma symptoms and reductions in levels of triglycerides, cholesterol and insulin levels (Johnson et al., 2007) . A study in rats showed that levels of HNE in the kidney increase during aging, and that the age-related increase in HNE accumulation is prevented by caloric restriction (Lee et al., 2004 ). Dietary energy restriction may also reduce HNE production and enhance HNE detoxification in brain cells as suggested by studies of rodents showing that dietary energy restriction enhances protein chaperone production and plasma membrane redox system activity in brain tissue samples (Guo et al., 2000; Hyun et al., 2006) . A better understanding of the molecular mechanisms by which diet and exercise affect HNE metabolism will likely foster the development of novel and complementary approaches for preventing and treating the MS and its associated diseases, many of which are age-related. Mechanisms involved in the generation of HNE from membrane lipids, and protein modification by HNE. HNE is generated primarily from linoleic and arachidonic acid in membranes as the result of free radical (hydroxyl radical and peroxynitrite) attack on the unsaturated bonds in these lipids. HNE can covalently modify proteins on lysine, histidine and cysteine residues in a process called Michael addition. Modification by HNE typically impairs the function of the proteins; examples of proteins known to be modified and functionally altered by HNE in the metabolic syndrome and associated diseases are listed (Mark et al., 1997a (Mark et al., , 1997b Keller et al., 1997; Blanc et al., 1997; Kelly et al., 1996; Perluigi et al., 2005) . Model showing the role of membrane lipid peroxidation and HNE in the pathogenesis of neuronal dysfunction and degeneration in Alzheimer's disease. Neurons suffer from increased amounts of oxidative stress in Alzheimer's disease, probably due to changes occurring during the aging process in combination with the production and aggregation of amyloid β-peptide (Aβ). In the presence of trace amounts of Fe 2+ or Cu + , Aβ aggregates and in the process generates hydrogen peroxide (H 2 O 2 ) which is in turn converted to hydroxyl radical (OH*). Hydroxyl radical induces membrane lipid peroxidation and the production of HNE; lipid peroxidation and HNE production can also be induced by peroxynitrite (ONOO*) which is produced when superoxide interacts with nitric oxide (NO). By binding to and impairing the function of membrane ion (Na + and Ca 2+ ) transporters, HNE causes membrane depolarization and Ca 2+ influx through membrane channels. Lipid peroxidation in membranes of mitochondria and endoplasmic reticulum may further disrupt cellular Ca 2+ homeostasis. HNE and Ca 2+ may also play pivotal roles in the aggregation of the microtubule-associated protein tau, thereby forming intracellular neurofibrillary tangles. Thus, HNE may be involved in the early changes in synaptic function, as well as the subsequent degeneration and death of neurons in Alzheimer's disease. Modified from Figure 2 in Mattson (2004) .
